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ABSTRACT Tissue distribution and cellular
localization of PC1/3 mRNA in porcine tissues were
examined by ribonuclease protection assay and in situ
hybridization. PC1/3 mRNA was detected mainly in
the corpus luteum of pregnant sow and brain. Within
the ovary, PC1/3 and relaxin transcripts colocalized
within large luteal cells. Levels of PC1/3 transcripts in
corpora lutea increased as gestation advanced, parallel
with an observed increase in relaxin transcripts. A role
for PC1/3 in proprotein processing in the ovary is
discussed. Mol. Reprod. Dev. 57:361±365, 2000.
ß 2000 Wiley-Liss, Inc.
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INTRODUCTION

Prohormone convertase 1/3 (SPC3) is a member of the
subtilisin-like proprotein convertases which are invol-
ved in the posttranslational processing of many prohor-
mones and precursors of other biologically active
proteins (Steiner 1998; Seidah and Chretien 1999). So
far seven members of these proprotein convertases
have been identi®ed; they are furin/PACE (SPC1), PC2
(SPC2), PC1/3 (SPC3), PACE4 (SPC4), PC4 (SPC5),
PC5/6 (SPC6), and PC7/8 or LPC (SPC7). Among them,
furin, PACE4, and PC7/8 are ubiquitously expressed
(Hatsuzawa et al., 1990; Tsuji et al., 1994; Bruzzaniti
et al., 1996), whereas expression of PC1/3 and PC2 is
restricted to neuroendocrine tissues (Seidah et al.,
1990; Smeekens et al., 1991). PC4 is expressed prim-
arily in testis (Nakayama et al., 1992). PC5/6 is
expressed at highest level in gastrointestinal tissues,
but is also expressed at lower levels in other tissues
(Lusson et al., 1993; Nakagawa et al., 1993). Recently,
we have cloned PC1/3 from a porcine ovary cDNA
library (Dai et al., 1995). In the current study, we
investigated the tissue distribution and cellular locali-
zation of PC1/3 transcripts in porcine tissues, and
found that PC1/3 was expressed mainly in the corpus
luteum of pregnant sow and brain, and that its levels in
the corpus luteum increased progressively as gestation
advanced.

MATERIALS AND METHODS

Materials

PC327 and PC323 are partial clones of porcine PC1/3
(Dai et al., 1995). PC421 is a subclone of the 200 bp
EcoRI/StuI fragment of PC323, containing the coding
sequence of residues 272±338 of PC1/3. PC 422 is a
subclone of the 320 bp EcoRI/ApaI fragment of PC327,
containing the coding sequence of residues 164±269 of
PC1/3. PR423 is a subclone of the 230 bp EcoRI/BglII
fragment of porcine preprorelaxin cDNA, pPR308-6
(Reddy et al., 1992). It contains 50-untranslated seq-
uence and coding sequences of prepeptide and 20
residues of the relaxin B-chain. RP440 is a subclone of
the 440 bp EcoRI/XhoI fragment of porcine ribosomal
protein S17 cDNA, RP302, containing the coding seq-
uence of 146 residues at the N-terminus (Kwok, unpub-
lished result).

Ribonuclease Protection Assay

The 32P-labeled, antisense riboprobes of PC422,
PR423, and RP440 were produced from the correspond-
ing plasmids using the MAXIscript In Vitro Transcrip-
tion Kit (Ambion Inc., Austin, TX), and were puri®ed on
a 5% polyacrylamide gel containing 8 M urea according
to the protocol provided by the manufacturer. RP 440
was used as an internal control for uniformity of RNA
sampling among tissues and days of pregnancy, and
PR423 was included as a positive control. Total RNA
was extracted from porcine stomach, heart, kidney,
lung, brain, intestine, liver, seminal vesicles, prostate,
epididymis, and ovary according to Chomczynski and
Sacchi (1987). Ribonuclease protection assays were
performed according to the protocol provided with the
RPA II Ribonuclease Protection Assay Kit (Ambion
Inc., Austin, TX). Brie¯y, 10 or 50 mg of total RNA were
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coprecipitated with a mixture of the three antisense
riboprobes (105 cpm each), heat-denatured in 20 ml of
hybridization buffer and allowed to hybridize at 45�C
overnight. Unhybridized riboprobes were digested with
a mixture of RNase A/T1 and the protected fragments
were separated on a 5% polyacrylamide gel containing
8 M urea, and visualized by autoradiography.

Northern Blot Analysis

Antisense 32P-labeled riboprobe was generated from
plasmid PC327 using a Riboprobe System-T7 kit
(Promega, Madison, WI). Total RNA was extracted
from porcine ovaries according to Chomczynski and
Sacchi (1987) and 10 mg was separated using a 1.5%
agarose gel. RNA was capillary transferred to nylon
membrane (Hybond-N, Amersham, Piscataway, NJ)
and then stabilized by UV-crosslinking and heating at
80�C. Immobilized RNA was incubated overnight at
60�C in hybridization buffer (5�SSC, 5�Denhardt's
solution, 0.5% SDS, 50% formamide) containing the
32P-labeled riboprobe, and unhybridized probe was re-
moved by washing the blot with 0.1�SSC (65�C). The
hybridized bands were visualized by autoradiography.

In Situ Hybridization Histochemistry

One cubic-centimeter3 pieces of ovary were frozen by
immersion in isopentane cooled (ÿ40�C) with dry ice,
sectioned (12 mm), and mounted on gelatin/chromium
potassium sulfate coated slides. Sections were ®xed in
4% paraformaldehyde, acetylated and hybridized at
50�C for 4 hr in hybridization buffer (4�SSC, 50%
formamide, 10% dextran sulfate, 1�Denhardt's solu-
tion) containing 1±3 ng of 35S-labeled antisense or
sense riboprobes. Porcine PC1/3 (PC421) and relaxin
(PR423) speci®c probes were generated using a Ribo-
probe System-T7 kit (Promega, Madison, WI). After
hybridization, the unbound probe was removed by
washing (4�15 min) with 2�SSC/50% formamide at
40�C and ®nally with 1�SSC at RT.

Air-dried sections were exposed to Kodak X-Omat
®lm (Eastman Kodak, Rochester, NY). Hybridization
signals were analyzed after capturing (Data Trans-
lation Frame Graber) ®lm images from a Northern
Light Box (Imaging Research, Ontario, Canada) with a
Sierra Scienti®c CCD camera, Image software (Wayne
Rasband, NIMH) and a Macintosh Iici computer. After
correcting for nonuniform illumination and subtracting
®lm background by density slicing, the C14 standards
(American Radiolabeled Chemical, Inc., St. Louis, MO)
were measured and calibrated to 35S equivalences. A
standard curve was generated by plotting transmit-
tance values against known dpm/mg, using a 3rd
degree polynomial equation as previously described
(Young et al., 1986). This standard curve was then used
to calibrate each ®lm. Quantitative differences were
expressed as mean density of tissue in dpm/mg.
Measurements were taken using an oval ®eld sized to
include the entire area of 4 sections/2 or 3 blocks/2
animals. Values were analyzed by ANOVA (NCSS,
Kaysville, Utah) for effect of day of gestation.

Following ®lm autoradiography, sections were coated
with Kodak NTB-2 nuclear track emulsion and exposed
for 3 (relaxin) or 14 (PC1/3) days. Developed slides were
counterstained with hematoxylin.

RESULTS

The expression of PC1/3 in various tissues was
examined by ribonuclease protection assay (RPA) using
an antisense PC422 riboprobe. Of the eleven tissues
examined, a protected fragment of PC422 probe was
detected only in brain and ovarian RNA samples (data
not shown), suggesting that PC1/3 was primarily ex-
pressed in these tissues. In the ovary, although PC1/3
was not detected on day 12 of gestation, signi®cant
quantities of transcript were present at day 61 and
levels increased by late gestation (Fig. 1, top panel,
lanes 1±3). Relaxin was expressed at a much higher
level than PC1/3, however the temporal pattern of
expression was similar to that for PC1/3 (Fig. 1, bottom
panel, lanes 1±3).

A single band of approximately 4.4 kb corresponding
to PC1/3 was identi®ed in total RNA from pregnant sow
ovary (Fig. 2). In situ hybridization histochemistry
(ISHH) demonstrated that PC1/3 mRNA was detected
at its highest levels in the corpus luteum, although
levels were not as high as that for relaxin (Fig. 3A±D).
Cells that expressed PC1/3 contained large ovoid to
round nuclei surrounded by extensive cytoplasm, which
is typical of large luteal cells in the pig (Fig. 3E,F).
Similar observations were made for cells that expressed
relaxin (data not shown). Consistent with RPA, ISHH
demonstrated increasing levels of PC1/3 mRNA bet-
ween mid and late gestation, as evidenced by an app-
arent increase in the numbers of emulsion grains/cell
(Fig. 3G,H). Also, quantitative analysis of PC1/3 mRNA
in luteal sections by ISHH and ®lm autoradiography
indicated that the level (mean density) of PC1/3 mRNA
increased (P� 0.05) approximately 35% (average of two
experiments) from day 45 to day 90. In addition to the
corpus luteum, weak signal for PC1/3 was also found in
the stroma and thecal tissue of the ovary (Fig. 3D).

DISCUSSION

The expression of PC1/3 is apparently restricted to
neuroendocrine cells (Seidah et al., 1990; Smeekens
et al., 1991). Although PC1/3-like transcripts of various
sizes have been detected by northern blot analysis in
lung, skeletal muscle, and heart (Seidah et al., 1992),
the identity of these transcripts as PC1/3 has not been
established. Previously described PC1/3 transcripts in
the ovary (Marriott et al., 1992) have recently been
identi®ed unequivocally as PC1/3 by cloning and seq-
uencing (Dai et al., 1995). In the current study, we
further demonstrated that PC1/3 is expressed mainly
in the corpus luteum of the ovary and that the levels of
PC1/3 transcripts increase as gestation advances.
Relaxin mRNA levels also increased as gestation prog-
ressed in agreement with a previous report (Bagnell
et al., 1990), and PC1/3 and relaxin were colocalized to
the large luteal cell. Whether the parallel expression
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and colocalization of relaxin and PC1/3 transcripts has
any functional signi®cance remains to be determined.

Marriott et al. (1992) reported that when cDNAs
encoding human preprorelaxin and mouse PC1/3 were
coexpressed in human kidney 293 cells, correct proces-

sing of human prorelaxin was observed. PC1/3 alone
seems to be able to process human prorelaxin. How-
ever, participation of other proprotein convertases
(such as PC2) has not been ruled out. Our preliminary
study using RT-PCR and human ovary cDNA showed
that ovary indeed expressed furin, PC2, PACE4, PC5/6,
and PC7/8 besides PC1/3 (data not shown). Since all
these proprotein convertases cleave at paired basic
residues, processing by proprotein convertases may not
be fully applicable to porcine and other prorelaxins.
With the exception of human and monkey prorelaxins
(Hudson et al., 1984; Crawford et al., 1989; Evans et al.,
1994), paired basic residues required for recognition
and cleavage by PC1/3 and other proprotein conver-
tases are not present at the B-chain/C-peptide junction
in other prorelaxins. Hence, processing by PC1/3 and
other proprotein convertases at this junction is unlikely
and the participation of another processing endopro-
teinase must be invoked. A possible candidate is SKI-1,
which is able to cleave a proprotein at a recognition
sequence such as RGLT#SL or RSVL#SF (Seidah et al.,
1999). Porcine prorelaxin has a sequence of RTAL#SL
at the B-chain/C-peptide junction (Haley et al., 1982). It
will be interesting to see if SKI-1 is expressed in the

Fig. 1. Ribonuclease protection assay using a mixture of antisense
riboprobes of ribosomal protein S17 (RP440; 440 bp), PC1/3 (PC422;
320 bp), and relaxin (PR423; 230 bp). Lanes 1±3 contain RNA from day
12, 61, and 101 pregnant sow ovaries, respectively. Lane 4 contains
yeast RNA. Lane 5 contains 1/10 of the undigested riboprobes only.

Bottom panel shows the PR423 region of the same gel after a short
autoradiographic exposure. Note the parallel increase in expression of
PC1/3 and relaxin in porcine ovaries from early to late pregnancy, and
the constant levels of ribosomal protein S17.

Fig. 2. Northern blot analysis of total RNA from ovary at day 45 of
gestation using a PC1/3 riboprobe. Note the predominant band at
approximately 4.4 kb.
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Fig. 3. Cellular localization of PC1/3 and relaxin mRNAs within the
pregnant sow ovary. (A) Bright®eld and (B) dark®eld micrographs of a
section of day 90 pregnant ovary tissue hybridized with the porcine
relaxin probe (PR423). Fl, follicle lumen; cl, luteal cells. Bar�100 mm.
(C) Bright®eld and (D) dark®eld images of a section adjacent to that in
(A) and (B) hybridized with the porcine PC1/3 probe (PC421). (E)

Bright®eld and (F) dark®eld micrographs of day 45 pregnant sow
ovary hybridized with the PC1/3 probe (PC421). Arrows indicate
location of luteal cell nuclei surrounded by hybridization signal.
Bar� 10mm. Dark®eld micrographs of PC1/3 labeling in the corpus
lutea of day 45 (G) and day 90 (H) pregnant sow ovaries. Note the
increased signal with advancing pregnancy. Bar� 50mm.



pregnant sow ovary and its expression is parallel to
that of PC1/3. On the other hand, several other peptides
including oxytocin, arginine vasopressin, relaxin-like
factor (RLF) and relaxin/insulin-like factor (RIF) are
synthesized as prohormones by luteal cells (Einspanier
et al., 1986; Watkins and Choy, 1988; Ivell, 1997; Hsu,
1999). PC1/3 may be involved in posttranslational
processing of these prohormones. Recently, Guillou
et al. (1994) reported the presence of prooxytocin/
neurophysin convertase activity in the ovary but
molecular identi®cation of this activity was not eval-
uated. Whether this enzyme is identical to PC1/3
remains to be determined.

Although two forms of PC1/3 mRNAs (3 and 5 kb)
have been reported in various species (Creemers et al.,
1992; Seidah et al., 1992; Gorham et al., 1996; Gangnon
et al., 1999), only one 4.4 kb band was detected in
porcine ovarian RNA in this study. Previously, we have
isolated ®ve different cDNAs with heterogeneity at the
polyadenylation site, resulting in a size of 4.6±5.0 kb
(Dai et al., 1995). The 3 kb mRNA was not detected.
Whether this is unique to porcine ovarian PC1/3 mRNA
remains to be established.

ACKNOWLEDGMENTS

This project was supported by a grant from the Albert
Einstein Society to S.C.M.K.

REFERENCES

Bagnell CA, Tashima L, Tsark W, Ali SM, McMurtry JP. 1990.
Relaxin gene expression in the sow corpus luteum during the
cycle, pregnancy, and lactation. Endocrinol 126:2514±2520.

Bruzzaniti A, Goodge K, Jay P, Taviaux SA, Lam MHC, Berta P,
Martin TJ, Moseley JM, Gillespie MT. 1996. PC8, a new member of
the convertase family. Biochem J 314:727±731.

Chomczynski P, Sacchi N. 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction.
Anal Biochem 162:156±159.

Crawford RJ, Hammond VE, Roche PJ, Johnston PD, Tregear GW.
1989. Structure of rhesus monkey relaxin predicted by analysis of
the single-copy rhesus monkey relaxin gene. J Mol Endocrinol
3:169±174.

Creemers JW, Roebroek AJ, Van de Ven WJ. 1992. Expression in
human lung tumor cells of the proprotein processing enzyme PC1/
PC3. Cloning and primary sequence of a 5 kb cDNA. FEBS Lett
300:82±88.

Dai G, Smeekens SP, Steiner DF, McMurtry JP, Kwok SCM. 1995.
Characterization of multiple prohormone convertase PC1/3 tran-
scripts in porcine ovary. Biochim Biophys Acta 1264:1±6.

Einspanier R, Pitzel L, Wuttke W, Hagendorff G, Preuss K-D,
Kardalinou E, Scheit KH. 1986. Demonstration of mRNAs for
oxytocin and prolactin in porcine granulosa and luteal cells. Effects
of these hormones on progesterone secretion in vitro. FEBS Lett
204:37±40.

Evans BA, Fu P, Tregear GW. 1994. Characterization of two relaxin
genes in the chimpanzee. J Endocrinol 140:385±392.

Gangnon F, Danger JM, Jegou S, Vieau D, Seidah NG, Vaudry H.
1999. Molecular cloning, characterization of cDNA, and distribution
of mRNA encoding the frog prohormone convertase PC1. J Comp
Neurol 405:160±172.

Gorham EL, Nagle GT, Smith JS, Shen H, Kurosky A. 1996. Molecular
cloning of prohormone convertase 1 from the atrial gland of Aplysia.
DNA Cell Biol 15:339±345.

Guillou M-D, Camier M, Clamagirand C. 1994. Evidence for the
presence of pro-oxytocin/neurophysin-converting enzyme in the
human ovary. J Endocrinol 142:345±352.

Haley J, Hudson P, Scanlon D, John M, Cronk M, Shine J, Tregear G,
Niall H. 1982. Porcine relaxin: molecular cloning and cDNA
structure. DNA 1:155±162.

Hatsuzawa K, Hosaka M, Nakagawa T, Nagase M, Shoda A,
Murakami K, Nakayama K. 1990. Structure and expression of
mouse furin, a yeast Kex2-related protease. Lack of processing of
coexpressed prorenin in GH4C1 cells. J Biol Chem 265:22075±
22078.

Hsu SY. 1999. Cloning of two novel mammalian paralogs of relaxin/
insulin family proteins and their expression in testis and kidney.
Mol Endocrinol 13:2163±2174.

Hudson P, John M, Crawford R, Haralambidis J, Scanlon D, Gorman
J, Tregear G, Shine J, Niall H. 1984. Relaxin gene expression in
human ovaries and the predicted structure of a human prepro-
relaxin by analysis of cDNA clones. EMBO J 3:2333±2339.

Ivell R. 1997. Biology of the relaxin-like factor (RLF). Rev Reprod
2:133±138.

Lusson J, Vieau D, Hamelin J, Day R, Chretien M, Seidah NG. 1993.
cDNA structure of the mouse and rat subtilisin/kexin-like PC5: a
candidate proprotein convertase expressed in endocrine and non-
endocrine cells. Proc Natl Acad Sci USA 90:6691±6695.

Marriott D, Gillece-Castro B, Gorman CM. 1992. Prohormone
convertase-1 will process prorelaxin, a member of the insulin family
of hormones. Mol Endocrinol 6:1441±1450.

Nakagawa T, Hosaka M, Torii S, Watanabe T, Murakami K,
Nakayama K. 1993. Identi®cation and functional expression of a
new member of the mammalian Kex2-like processing endoprotease
family: its striking structural similarity to PACE4. J Biochem
113:132±135.

Nakayama K, Kim W-S, Torii S, Hosaka M, Nakagawa T, Ikemizu J,
Baba T, Murakami K. 1992. Identi®cation of the fourth member of
the mammalian endoprotease family homologous to the yeast Kex2
protease: its testis-speci®c expression. J Biol Chem 267:5897±5900.

Reddy GK, Gunwar S, Green CB, Fei DTW, Chen AB, Kwok SCM.
1992. Puri®cation and characterization of recombinant porcine
prorelaxin expressed in Escherichia coli. Arch Biochem Biophys
294:579±585.

Seidah NG, Gaspar L, Mion P, Marcinkiewicz M, Mbikay M, Chretien
M. 1990. cDNA sequence of two distinct pituitary proteins
homologous to Kex2 and furin gene products: tissue-speci®c mRNAs
encoding candidates for pro-hormone processing proteinases. DNA
Cell Biol 9:415±424.

Seidah NG, Hamelin J, Gaspar AM, Day R, Chretien M. 1992. The
cDNA sequence of the human pro-hormone and pro-protein
convertase PC1. DNA Cell Biol 11:283±289.

Seidah NG, Chretien M. 1999a. Proprotein and prohormone con-
vertases: a family of subtilases generating diverse bioactive
polypeptides. Brain Res 848:45±62.

Seidah NG, Mowla SJ, Hamelin J, Mamarbachi AM, Benjannet S,
Toure BB, Basak A, Munzer JS, Marcinkiewicz J, Zhong M, Barale
J-C, Lazure C, Murphy RA, Chretien M, Marcinkiewicz M. 1999b.
Mammalian subtilisin/kexin isozyme SKI-1: a widely expressed
proprotein convertase with a unique cleavage speci®city and
cellular localization. Proc Natl Acad Sci USA 96:1321±1326.

Smeekens SP, Avruch AS, LaMendola J, Chan SJ, Steiner DF. 1991.
Identi®cation of a cDNA encoding a second putative prohormone
convertase related to PC2 in AtT20 cells and islets of Langerhans.
Proc Natl Acad Sci USA 88:340±344.

Steiner DF. 1998. The proprotein convertases. Curr Opin Chem Biol
2:31±39.

Tsuji A, Mori K, Hine C, Tamai Y, Nagamune H, Matsuda Y. 1994. The
tissue distribution of mRNAs for the PACE4 isoforms, Kexin-like
processing protease: PACE4C and PACE4D mRNAs are major
transcripts among PACE4 isoforms. Biochem Biophys Res Commun
202:1215±1221.

Watkins WB, Choy VJ. 1988. Identi®cation of neurohypophysial
peptides in the ovaries of several mammalian and nonmammalian
species. Peptides 9:927±932.

Young WS, Mezey E, Siegel RE. 1986. Quantitative in situ hybridiza-
tion histochemistry reveals increased levels of corticotropin-releas-
ing factor mRNA after adrenalectomy in rats. Neurosci Lett 70:
198±203.

PROHORMONE CONVERTASE 1/3 365


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	Fig. 1
	Fig. 2
	Fig. 3

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

